Optimal and efficient machining of high-temperature alloys is one of the main goals set by the manufacturing technology today, taking into account the unique properties of these materials, the required performance and the process parameters. One of the most important parameters investigated and presented in this paper is the optimal cooling and lubrication strategy. The application of various hybrid cooling strategies such as high-pressure cooling, cryogenic cooling and aerosol dry lubrication offers the potential to extend profitability and energy efficiency as well as high performance and improved surface integrity. The paper introduces fundamental functions, cooling systems and relationships that characterize the efficient utilization on standard machine tools. Based on fundamental investigations conducted using high-temperature alloys with poor machinability such as Titanium alloy Ti6Al4V and Inconel 718, relevant influencing parameters are derived and optimization options are presented for the cooling strategies.
Introduction
Due to their outstanding properties such as high strength and hardness even at elevated temperatures, high-temperature alloys have a wide range of applications. The investigated Nickel-based alloy Inconel 718 and the Titanium alloy Ti6Al4V are typical examples used in the aerospace-, oil-and gas industries and as medical components. Both materials are characterized by high specific strengths and excellent reproducibility of their mechanical properties, as well as high corrosion resistance. Whereas Titanium alloys are used for components with a maximum operation temperature of up to 550°C, the Nickel-based alloys are applied for parts of up to a maximum of 730°C [1] . Table 1 presents the thermal and mechanical properties of these two alloys compared with an austenitic stainless steel. The beneficial properties for the application of high-temperature alloys represent a particular challenge in terms of machinability. The high strength of these workpiece materials induces increased mechanical loads on the cutting tool. The low heat conductivity results in higher temperatures on the cutting edge due to the high thermal loads in the cutting zone which cannot be sufficiently removed via the workpiece and the chips. Furthermore, the two materials show poor chip breaking behavior. These factors lead to higher thermo-mechanical tool wear and thereby to reduced tool life, low process reliability, decreased productivity and higher manufacturing cost. Hence, to approach an efficient and reliable process when machining high-temperature alloys, cooling and lubrication of the cutting zone is a crucial factor. However, conventional cooling methods only show low performance when machining high-temperature alloys. New approaches are required to realize profitable and reliable machining. This paper presents and compares special conditions, practical experiences and the potential of various cooling and lubrication strategies in machining Inconel and Titanium components.
Cooling and lubrication strategies -fundamentals
Basically dry machining is preferred by the industry in order to save costs related to the application of cooling lubricants and to eliminate negative influences on the environment. However, dry cutting and the use of minimum quantity lubrication (MQL) are limited to only some workpiece materials and to reduced cutting parameters which result in longer machining times. Due to the mentioned properties of high-temperature alloys machining without adequate cooling is not efficient. The main tasks which have to be realized using an appropriate cooling and lubrication strategy include cooling of the cutting zone, cutting tool and workpiece, decreasing friction, flushing of chips and supporting of the chip breaking behavior. Fig. 1 presents four principles of cooling and lubrication options with different coolant supply directions investigated in machining high-temperature alloys. The medium can be directed on the rake face (a) or into the space between clearance face and the machined workpiece surface (b). The combination of both (a) and (b) can also be beneficial (c). A tool design with a hole in the rake face, particularly when using a high-pressure jet, enables good heat reduction at the cutting edge and improved chip control (d). 
High-pressure cooling
When machining long chipping materials, poor chip breaking behavior is a clear disadvantage with regard to process reliability and surface quality. Using cutting tools with special chip breaking geometries, the chip control can be improved. However, only decreased tool life can be reached under conventional cooling conditions with emulsion. Fig. 2 . Influence of the high-pressure coolant jet on the cutting performance.
An alternative for achieving appropriate chip flow and reasonable chip breaking is to use a high-pressure cooling strategy. A coolant pressure of up to 120 bar is currently stateof-the-art. The most effective but expensive solution is to supply the coolant through the cutting tool ( Fig. 1 d) , providing enhanced chip control and efficient cooling of the cutting zone. Fig. 2 shows the mechanisms of the high-pressure coolant jet influencing the cutting process depending on the supply direction and pressure, including the various possibilities to direct the coolant jet into the cutting zone. The most commonly used method is supplying the high-pressure coolant jet into the space between the rake face and the chip (Fig. 1a) . This strategy has a positive impact on chip breaking behavior. The high pressure of the cutting fluid reduces the radius of chip curvature and the chips break into small-sized pieces which can be easily removed. Furthermore, the contact length between tool and chip is reduced, which results in lower friction, decreased cutting forces and lower thermal tool load. Another approach is the supply of the coolant into the space between clearance face and the machined workpiece surface (Fig. 1b) . This option enables more intensive cooling of the clearance face and consequently may reduce flank wear. This alternative is used for cooling of the cutting edge but has almost no influence on chip breaking. Reliable chip breaking and intensive cooling can be reached by a combined supply into rake face and clearance face [2] [3] [4] [2].
Cryogenic cooling
The application of cryogenic media for cooling the cutting zone is an alternative to high-pressure cooling. This approach combines the advantages of dry machining, i.e. cost reductions with efficient cooling. Cryogenics is defined as the discipline and technology of working at temperatures below 120 K [5] . In industry and research liquid Nitrogen at 77 K (-196°C), but also solid carbon dioxide (dry ice) at 194.5 K (-78.5°C) are classified as cryogenic cooling media which are applied to cool the cutting zone. The two gases differ considerably with respect to the mechanisms of refrigeration. Therefore, different requirements have to be considered concerning coolant application and supply through the machine tool spindle and the cutting tool into the cutting zone.
Carbon dioxide (CO 2 ) is stored as a liquid in medium pressure tanks (approx. 57 bar) at ambient temperature. For process cooling it is supplied via pressure-resistant pipes into the cutting tool. Machine elements and the supply lines are not thermally influenced at all as long as the medium is under pressure. When the CO 2 expands at the exit of the cooling channels of the tool, the pressure drops and a phase transformation occurs from liquid carbon dioxide to a mixture of gaseous and solid CO 2 . A cooling effect and temperatures as low as -78.5°C can be reached due to this phase transformation and the Joule-Thomson effect. Since the solid carbon dioxide is sublimating at ambient temperature, cryogenic cooling with CO 2 is residue-free [7] .
When applying liquid Nitrogen (LN 2 ), completely different cooling characteristics have to be considered. Nitrogen has to be stored in insulated tanks because at ambient pressure it converts from the solid into the liquid phase at -210°C and starts boiling at -196°C. For this reasons liquid Nitrogen is more suitable for cooling with very low temperatures. However, this behavior causes specific problems for the application as an effective coolant. First, all supply lines and machine elements as well as the cooling channels of the tool have to be insulated to avoid hazards and decreased cooling capacity and secondly, when coming into contact with surfaces which have a much higher temperature the Nitrogen vaporizes. This leads to an insulating gaseous film on the surface which reduces the cooling effect.
In comparison with carbon dioxide, using liquid Nitrogen results in a much longer starting time until the system is cooled down, as shown in Fig. 3 . The application of CO 2 permits to begin with the cutting process after approx. 60s. After this time a minimum temperature of approx. -50°C can be reached. Since the large volume of vaporized Nitrogen has to exit the cooling channels of the cutting tool, the time until the system is ready to start is much longer when using LN 2 . Even after reaching an exit temperature of approx. -170°C, the cooling process is not stable due to the gaseous Nitrogen which is generated in the supply system [8] . Table 2 summarizes the relevant properties to distinguish between CO 2 and LN 2 as cooling media. Following the above considerations and properties the investigation and results presented here focus on the use of carbon dioxide which provided a more stable cooling process.
Aerosol Dry Lubrication (ADL)
Recent studies focus not only on sufficient cooling but also consider appropriate lubrication between tool, workpiece and chip. Especially when machining high-temperature alloys the established strategies such as minimum quantity lubrication (MQL) quickly reach their limits because very high temperatures are generated at the cutting edge.
A new lubrication strategy which uses only very low oil flow rates from 5 ml/h to 15 ml/h is the basic principle of the aerosol dry lubrication (German abbrev. ATS). A very fine aerosol with a particle size of approx. 0.1 μm is applied into the cutting zone via external nozzles. This specific lubrication results in reduced friction between tool rake face and chips as well as between tool clearance face and workpiece surface, which leads to lower thermal loads on the cutting tool. To combine the reduction of friction with additional cooling it is also possible to supply the liquid CO 2 through the nozzles as shown in Fig. 4 [9] . Table 3 presents the classification of this method into the different cooling and lubrication strategies. 
Experimental set-ups
The experimental investigations on different cooling strategies were conducted in turning on a lathe of the model N20 (NILES-Simmons). This machine was equipped with the different cooling and lubrication systems. The high-pressure cooling and the cryogenic cooling media were supplied through the turning tool and the cooling jet was directed on the rake face of the cutting insert. The media for the aerosol dry lubrication (ADL) with CO 2 cooling are supplied by external nozzles (Fig. 5) . The tool life investigations in longitudinal turning were carried out using the cutting parameters and cooling conditions presented in Table 4 , which were determined in preliminary tests. The tested materials are Inconel 718 and Ti6Al4V which were machined with coated carbide inserts. 
Influence of cooling strategies on machining Inconel 718
Inconel 718 was machined with different cooling strategies. Two different cutting speeds were tested in longitudinal turning. Only when applying the lower cutting speed of 50 m/min assisted with high-pressure cooling, the maximum tool life of 30 minutes could be reached (Fig. 6) . The coolant jet was supplied on the rake face with a pressure of 80 bar. An increase in cutting speed up to 75 m/min leads to a reduction in tool life by approx. 60%. When applying CO 2 cryogenic cooling and the lower cutting speed a tool life of about 10 minutes could be realized. The use of a higher cutting speed is not recommended due to the reduction of tool life by 40%. The dominating tool failure with cryogenic cooling was chipping of the cutting edge. The combination of aerosol dry lubrication and cryogenic cooling (ADL+CO 2 ) results in a tool life of 12 minutes. An increase in oil flow rate from 6 ml/h up to 42 ml/h has no significant influence on tool life. The tests with ADL+CO 2 were interrupted because the chips became longer with increasing machining time. In these cases no reliable chip breaking could be obtained at the end of tool life. The end of tool life was defined when the flank wear VB was less than 0.3 mm.
The effect of cooling at the cutting edge and the thermal influence on the workpiece were measured during the tool life investigations. Cryogenic cooling with CO 2 caused a decrease in temperature at the cutting edge of approx. 27 K. The aerosol strategy with CO 2 and also the high-pressure cooling had no influence on the cutting edge temperature. An effect on the workpiece temperature could be observed with aerosol dry lubrication and high-pressure cooling. With increasing tool wear the workpiece temperature increased by approx. 6 K to 10 K.
Along with the tool life tests the quality of the machined surfaces was evaluated. As shown in Fig. 7 , the cooling strategy has a significant influence on the surface quality. Using CO 2 particularly at high cutting speeds leads to a surface with intense material adhesions as a result of missing lubrication (Fig. 7c) . Also when combining CO 2 cooling with ADL lubrication, material adhesion could be observed on the workpiece surface (Fig. 7b) . In this case the aerosol jet is deflected by the carbon dioxide jet due to different media pressures. To prove the lubrication effect of the ADL a test was conducted without cryogenic CO 2 cooling. This strategy resulted in a surface without any adhesions, as shown in Fig.  7a , which is similar to the surface with high-pressure cooling. However, the insufficient cooling resulted in significant decrease of tool life.
The specific energy consumption e was used as a parameter for evaluating the various cooling strategies concerning energy efficiency. It is defined as the ratio of the total required power P total for the cutting process to the material removal rate MRR.
Specific energy consumption
MMR
The specific energy consumption for the investigated cooling strategies is presented in Fig. 8 . Regardless of the cooling strategy the energy consumption for the machine tool and the cutting process is approximately constant. An increase in cutting speed results in lower energy consumption due to reduced cutting time and higher material removal rates. However, an increase in cutting speed reduces the tool life significantly. When considering the energy consumption of the cooling system, the aerosol dry lubrication as well as the cryogenic cooling with carbon dioxide exhibit much lower specific energy consumption. Since there has been no positive effect of an increased oil flow rate, only the ADL strategy with 6 ml/h was considered for the comparison of the specific energy consumption. The high-pressure strategy demonstrates considerably higher energy consumption due to the pump and the additional devices. The application of aerosol dry lubrication with CO 2 and the cryogenic cooling with CO 2 showed a lower energy consumption by more than 60%. In order to select an appropriate cooling strategy when turning Inconel 718 the different aspects have to be considered such as tool life, required surface quality and the specific energy consumption.
Influence of cooling strategies on machining Ti6Al4V
When machining Ti6Al4V its very low heat conductivity (Table 1) , causes much higher temperatures in the cutting zone, chip control problems and faster tool wear. The tool life investigation were conducted with high-pressure cooling, ADL with CO 2 and cryogenic cooling with CO 2 . The tool life for longitudinal turning with the various cooling strategies is shown in Fig. 9 . The best results reaching a tool life of 30 minutes could be observed when applying high-pressure cooling with 80 bar. Cooling strategies using the aerosol dry lubrication (ADL) with CO 2 or the CO 2 cryogenic cooling alone leads to decreased tool life, although the application of CO 2 cooling causes a reduction in cutting edge temperature by 20 K. It is assumed that the CO 2 jet does not reach the cutting edge area like the high-pressure coolant jet which lifts the chip and causes a reduced contact length between chip and tool rake face.
Thermal tool wear was the limiting factor in turning Ti6Al4V. The tool wear on the rake face for the various cooling strategies is presented in Fig. 10 . The dominant failure mode for all strategies was chipping of the cutting edge following a strong crater wear. A reduction of the contact length with high-pressure cooling decreases the crater wear and longer tool life can be realized. At the end of all tool life investigations the flank wear VB was less than 0.3 mm. The comparison of the specific energy consumption for the various cooling strategies shows that the application of ADL or CO 2 cooling results in a decrease of more than 60% compared to high-pressure cooling (Fig. 11) . The tool life investigation showed that in longitudinal turning of the titanium alloy Ti6Al4V the crucial factor is the intense cooling of the cutting edge along with a reduction in contact length between chip and tool rake face. Consequently, the dominating crater wear can be reduced.
Conclusions
The potentials and fields of application of the various cooling and lubrication strategies for efficient machining of high-temperature alloys can be derived from the experimental results described in this paper. Furthermore, further required developments can be determined.
Selecting the most suitable cooling strategy for each machining task depends mainly on the workpiece material and the machining parameters. Furthermore, the main objectives have to be defined, such as reduction of machining costs, processing time or energy consumption, increased tool life or surface quality. Fig. 12 represents the classification of various cooling strategies in the determined fields of application.
Conventional wet machining with emulsions is still the most applied system based on the wide range of field investigations. Nevertheless, innovative cooling strategies especially in machining of these high-temperature alloys are necessary to achieve more efficient cutting conditions in HPC and HSC.
High-pressure cooling enables good chip control, a reliable machining process and reasonable tool life. Due to the high energy consumption of the equipment as well as costintensive maintenance and disposal this strategy shows its benefits in roughing operations where high material removal rates reduce the specific energy consumption.
The lubrication of the cutting zone by a very fine aerosol reduces the friction and also the thermal load on the cutting edge. However, this lubrication effect depends highly on the method the aerosol is supplied in the cutting zone. A new approach has to be developed for supplying ADL in combination with CO 2 cooling in order to realize stable cooling and lubrication. An optimized setting of ADL and additional CO 2 cooling can achieve good cooling and lubrication. Furthermore, the process is almost dry which prevents the cleaning of workpieces and chips. A more intensive cooling effect than with high-pressure cooling or aerosol dry lubrication can be realized with cryogenic cooling by using CO 2 or LN 2 . Due to the sublimation of cryogenic media at ambient temperature the cooling process is completely residue-free. As a result of the experimental investigations, particularly in machining Inconel 718, the missing lubrication effect leads to adhesions on the workpiece surface. In finishing operations with CO 2 cooling additional lubrication has to be implemented. Regarding the required equipment CO 2 cooling as well as ADL are easy to retrofit into existing machine tools.
